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Abstract 


Stable paitial discharges in dielectrics take place only undei extiemely 
nonuniioim field conditions In enclosed giseoiis dielectiics tot example 
gas insulated system (GIS) extremely iionunifoim fields aie not acceptable 
as the lesultant corona may degenerate the dielectiics It is theiefore desired 
the Schwaiger factor must be within a limit and the field lemains weakly 
nonunifoim However if the nonumfoimity in the field incieascd stieamer 
coiona may incept In this woik the paiiial chschaige inception voltage has 
been investigate in air and in Sfg gas with the same electrode configuiation 
system for incieasing gap distance with ac powei fiequency volt \ge 
Liteiatuie study levelled that a lot of woik has been peifoimed for the 
investigation of PDIV with pointed shaip elccltodes 1 he type ol PD at such 
clectiodes is glow coiona which takes place with ivalanche discharge of 
below cutical amplification due to steep fall of potential giadient at the 
sharp electiodes In this work electrode configuiation chosen are lod plane 
wheie the fall of potential gradient is coinpaiatively not so steep giving use 
to stieamer corona with avalanche discharge of above ciitical amplification 
Expeuments in air have been peifoimed to be able to compaie the 
performance of needle plane and rod plane electrode system PD inception 
observed on needle plane electiode was at lowei voltages than that of rod 
plane electrode These give rise to glow and streamer coronas respectively It 
could be observed that on varying the gap distance it does not affect the Pd 
inception voltage level much and the plot shows the flat chaiacteristic in 
both the cases Breakdown voltages foi 6 and 8 mm tod electiodes aic much 
higher than the Pd inception voltage in air and the difference between them 



incjosts with moieisinj^ distince It is ilso abseived tint uidible PD 
i e hissing sound is pi od need at much highei voltage than the me isiued PD 
This concludes that PD occuis at lowei voltage but human ear can realize it 
at higher voltage only 

1 xpcnnients in SFe gas were peifoimed only for ineasuieinent of paitial 
disclnige inception voltage for Ginni lod plane elecliode system with 
V niable gap distance at vaiiabie pressuie Like in air in this case also PDIV 
chancluistics were also measured to be llal When the piessure wis 
inci cased the value of PDIV also mci eased md when the piessure was 
decreased then the value of I DIV also deci eased It was observed th \t at 
constant piessuie with increase m gap distance PDIV value inci eases but not 
too much Allei \ ccilain gip distance U ill picssuics it was obscived thU 
value of PDIV becomes steady i e no inciease in PDIV value with inciease 
in gap distance is matginal Foi same gap distance whcnevei piessuie 
incieases PDIV also inci eases upto a ceitain gap distance It was also 
obseived that in SF^ at noimal atmospheiic piessiue PDIV value is greatei 
than that m air for the same gap distance and this value increases with 
incieisp in gas pressure So it proves that SF^ gas has higher PDIV than that 
of air 
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Clnptti 1 

Introduction 

1 1 Gcnci )1 liiliodiiclion 

With the piesent liencl of inci easing tians miss ion voltages and the costs 
woild over gas insulated system (GIS) have assumed gieat significance 
These offer the advantages of higher opeialing voltages inficquent 
maintenance and less space reqiuienient A gis insulated substation for 
instance occupies one tenth the space taken by an ouldoot sub station lot 
the same opeiating specification lo prevent liom occuning coiona in GIS 
It IS essential the field to be weakly non unifoim type In GIS all the high 
voltage components are enclosed m a compressed gas dielectric Any partial 
dischaige in the gaseous diclectiic lead to its dcteiioiation uul hence i educe 
Us insulating properties Moreover PD gives use to a numbei of by products 
depending upon the type of gas used some of which have been found to be 
corrosive and higlily toxic SFe is a electronegative gas and some byproducts 
of this aic toxic 

Lleclnc discharges which do not budge the electiodes aie called partial 
discharge In other words the type of breakdown occurs is local not global 
Partial discharge phenomenon produces very short duration pulses Although 
they are small in magnitude but they can cause piogressive deterioiation and 
ultimately failure of the insulation Therefore it is essential to investigate 
their performance m order to ensure reliable operation of high voltage 
equipment A meaningful interpretation of paitnl dischaige measurement 
required in order to identify its souice Theiefoie several methods aie 



\v 111 iblc loi pattial discli u^c me isuicmcnl used widely lo delecl delects m 
iiisul ilioii system ol I IV equipment ns well is to intei msul itioii system 
gi idntion Due to the stochnstic behavioi of this phenomenon n wide set of 
putnl dischaige pulses gencnlly me needed to evnlinte the quiht) of in 
msuhtion system 

Rcleiietl to n solid dielectiic when the voltage aeioss a cavity le aches the 
bienkdown value the cavity may bieakdown The voltage bieakdown takes 
place in less than lOp sec This is extiemely shoit time compaied to the 
duiation of a 50 IIz sine wave and hence the voltage diop m ly be legaided 
to be a step function The voltage acioss the cavity stalls inci easing until it 
reaches the bieakdown voltage again when a new discharge occuis Seveial 
discharges may takes place during the using pait of the applied voltage 
Similaily on the decieasing part of the applied voltage the cavity discharge 
occui as the voltage acioss the cavity teaches the negative v due of the 
bieakdown voltage In this way a gioups of dischaiges oiiginalc tioiii a 
cavity and give rise to positive and negative cunent pulses on rising and 
decreasing voltage 

1 2 Detection of discharge 

The techniques of the detection of dischaige are based on the eiieigy 
exchange processes which take place during dischatge Electrical discharge 
IS transitory disturbance which radiates electioniagnetic dcouslic and 
thermal eneigy from the discharge site Theiefore these exchanges are 
manifested as electrical impulse current dielectric loss chemical 
transformation heat gas pressure sound and light Iheie aie two types ol 
discharge detection methods non electrical and electrical methods 
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1 2 I Non clcctiical dctcciioii mctliod 

Insul lUn^ m Ueinls me complex iinleiials which when clegi ulcd by licit oi 
electiic iction produce a \eiy laige number of electrical products in the gas 
liquid md solid slUe Llccliicd dischugc lUivily within oi ulj leenl to the 
insulating system also lelease chemical degiadition pioducts It bieaks 
oxygen to give ozone Fiatheiiiioie continuos PD activity giaclually 
combines with the insulating mateuals to produce on a smallei scale the 
degradation pioducts toi example caused by local ovei heating 

Sound IS a longitudinal mechanic il w ive motion in an elastic medium and 
each wave is classified accoiding to its fiequency 

1 Audible by human ear (frequency between 20 20000 Hz ) 

2 Infiasonic ( below the lesponse of human eai ) 

3 Ultrasonic ( above the response ot human eat ) 

12 2 Electrical detection methods 

Ihc pumaiy chaiacteiisties which paitial disehaige delectois have in 
common and Iheiefoie could piovide a basis foi evaluation of the detectoi 
are the number of input employed the bandwidth of the detectoi and the 
method of display processing The three basic types of display are 

1 The meter display 

2 The direct display on oscilloscope 

3 The computer driven display 
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C li iptci 2 

Electnc iields and corona 


Ihis chaplei covets biicfiy the type ot electtic licit! the type ol coiotns and 
the conditions imdei which these ocuii 

2 1 Cl issifit itioii ot Uccti It helds 

Fields can be classified as iollows 

1 Unifoi 111 field 

2 Weakly nonumform field 

3 Cxticiiiely nonuniform field 

2 11 Uniform field 

Unifoim field is consideied to be an ideal field It is a sub)cct of 
considtiable Iheoiclical and piactical reseaidi A uniform elccltic field is 
one in which the potential disti ibution acioss the [^ap is umloim I he clcctiic 
field intensity is the same at any point in the electiode gap in the mam field 
region However uniloiin liclds aie not possible in practice and pciloicc a 
satisfying rather than ideal solution is sought out The bieakdown strength of 
a dielectric is maximum in this type of field An impoitant chuacteristics of 
this type of field is that insulation breakdown takes place without any stable 
partial discharge preceding the breakdown In other words 
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Ui = Ub 

( I D inception voltage ) = ( Bicakdown voltage ) 

An example of this type field is between two parallel plates having suitably 
sh ipcd lunges 

2 12 Weakly nonuniform field 

In this type of field the potential distubution aeioss the eltctiode gap is not 
Linifoim and hence the field intensity is not tiic same all ovei the gap 
llowcvei the chaiacteiistics of this type ol licld is siniilai to that of unifoim 
field m one lespect that is stable paitial discharges (PD) do not take place 
befoie bieakdown If the voltige applied to such an electiode configuration 
leads to breakdown of dielectric and U and Ub are the PD inception and 
bieakdown voltigcs icspcctivcly then 
U = Ub ( For unifoim and weakly nonumfoim fields ) 

Under this conditions if E is the field intensity m a uniform field 
configuration E the maximum field intensity in weakly nonuniform 
electrode system then the field intensity lequncd foi bieakdown Lb lor a 
given electrode systems can be related as following 
E E ax = Eb 

Electrode system like spheie spheie concentric spheres and coaxial 
cylindeis geneiate a weakly nonuniform field provided the gap distance 
between them is small 
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2 13 1 vtieiuely iiouunifoini field 

An cxtiemely nonunifoim field is one in which the potential distribution 
acioss the electiodes is hii^hly nonunifoim An example ol such i held is 
tint between point or rod and plane electiodes If the voltage applied to an 
equipment compusing a gaseous dielectuc is high enough to lesult in 
enhanced or distorted field at a particular location say E (equipment) 
equal to the field intensity lequiied for biealdown of the diclectiic in 
unifoini field ( the electiic strength of the dielectuc ) 1 D would incept at 
the loc Uion having highest field intensity 1 h U is when 
E (equipment) = Eb (in undorm/weakly nonunifoim lield ) 

PD incept in extremely nonunifoim fields On increasing the applied 
\oltage stronger PD may occur Bieakdo\\n of the dielectric takes place 
only on fuilher incieasing the applied voltage 1 lieiefoie 
U «Ub 

In case of solid dielectucs the PDs may cause peimanent damage to tlie 
insulation leading to breakdown However foi enclosed gaseous dielectrics 
the effect is to leduce the bieikdown stiength ol gis due to degeneration 
caused by PD Every successive PD causes furthei reduction m the 
breakdown strength These IDs also give use of byproducts depending 
upon the type of gaseous dielectric which may be toxic The breakdown 
strength of dielectrics is minimum lor extiemely nonunifoim fields 
A comparison of the types of electuc field is given in table 2 I 
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I iblt 2 I 


( 1 ypici! c\ iinplcs ol p ioi dillcitnt lit id tonlij^iii Uions) 



The effect of distortion of the field due to grounding of one electiode is not 
considered m this table 
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2 2 Coi oiia 

In extremely nonuniform fields at voltages much below the bieakdown a 
stable breakdown piocess m the gas continued locally in the legion of 
extreme field intensity can be maintained This is known as paitial discharge 
( PD ) and when it occurs at free electrodes in a gas it is called corona At 
higher working voltage (above 100 kV) it is often very difficult and 
economically not viable to produce apparatus free of PD at iioimal working 
voltages The knowledge of physical implication of damage caused by 
corona is therefore very important Depending upon the type of electrode 
configuration three types of coronas have been distinguished 

1 Glow corona or avalanche coionn 

2 Streamer corona 

3 Leader corona 

2 21 Glow corona 

This can be further distinguished as 

1 Positive glow 

2 Negative glow 

Positive glow 

This type of corona takes place at very sharp points in the electrode system 
where the fall in intensity is very steep Because of the steep fall in the field 
intensity the avalanche discharge process restricts itself to the tip of such 
electrodes and avalanche are not able to acquire adequate length of 
amplification The inception of fuither avalanche discliaige is possible only 
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when Ihcie is a dull of space charge towaids cathode accompanied with 
radial diffusion Then the space charge again causes an mciease in fields 
intensity in the region away from the tip to the point of electrode to a value 
still sufficient for impact ionization This type of discontinuous piocess 
gives rise of impulse form of dischaige current Rise time is of a few ns 
fime for decay to 50% value is 100 ns Peak value of cuirent is 50 pA 
impulse charge is 1 pC and frequency may go 100 MHz The magnitude of 
mean potential gradient for breakdown of an lies between 1 5 20 kV/cm 
Optical impression of this is a weak bluish glow adjacent to the electrode 
and It produces hissing sound 

Negative glow 

In this case the avalanche develop in the opposite diiection that is the 
avalanche head is towards the plane Hence the avalanche process limits 
itself within a short region and it is not able to extend further In short it can 
be concluded that like in case of positive polaiity in case of negative 
polarity also a discontinuous process of dischaige cnriies on and production 
of charge particles and their migration takes phee The frequency of current 
pulse varies from a few kHz to MHz This is also called TRICHFL pulse It 
depends upon gap length Ihe cathode coiona appears reddish glow unlike 
bluish glow m the case of anode corona 

I 

2 2 2 Streamer corona 

This type of corona is of greater importance m this work The transition 
from weakly to extremely nonumform field is accompanied with this type of 
corona Ihis type of corona takes place where fall in field at the electrode is 
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iu)t so sleep '\s foi glow coionn Lxnmple ol suoh electiocle systems me 
sphere spheie spheie phne lod phne clecliodes etc 

Visinlly the stieamer discharge looks like a weakly illuminated bunch of 
disehaigc at the electiode This is accompanied by a tlutteung sound 
which may be heaid before the stieamer becomes visible The stieamer 
dischaige is also accompanied with an impLilse loim ol cuiient I his ciiiient 
may acquire its maximum magnitude of a lew milliampeies to an ampere 
within nanoseconds The impulse dischaigc is m the lange of 100 pC to 100 
nC The integrated optical light appieance of stieamer dischaige is like a 
weakly illuminated bunch ot moie appiopintely a shower of dischaige 
Hence it is also known as bunch dischaige 

223 Leader coioiia 

If the same rod plane or spheie plane electiode system is provided with a 
gap of the order of a meter and above the discharge tiajectoues are able to 
extend deeper into electrode gap The extended streamer phenomenon thus 
produced is known as a leader dischaige caused by a high density ot 
discharge cunent resulting m thermal ionization The leadei channel is 
iccompamed with a less bright difliised voluminous conical shower 
discharge from its tip This is known as leader coiona and has a filamentary 
structure The mam leader channel follows the toituous path tiaced out by 
the leader corona ahead of the leader channel An example of instable 
leader in air is lightning 
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Clnpln 3 

Ihcoi} of streimci dischaige 

3 I Sthw u|,tr factoi 

Ihe Schwaigei factoi ( p ) oi the factoi of unifoimity oi field efficiency 
facloi was originally pioposed by Geiman scientist Schwa iget It is 
defined by the ratio of average field intensity to the inaximum field intensity 
1 e 


I 

£ 

Wheie E = Maximum elecliic field intensity in the gip 

h = Average electric field intensity in the gap 

This factor is a geometrical quantity related to electiostntic field analysis 
only Since both E and E depend upon the geometry of the 
electrode system the value of the Schwaigei lactor also depends upon the 
geometry of the electrode system 

3 11 Schwaiger factor for uniform fields 

In a umfoim field by definition the electiic field intensity throughout the 
dielecliic is constant As a result C and L ait equal Ihe 
Schwaiger factor therefore equals to unity 


11 = 1 0 ( for uniform fields ) 
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[he breakdown voltage in a imiloim field is Iheiefoie given by the simple 
1 elation Ub = rb d =U 

Wheie Eb = bieak down strength and it is not a constant its value vanes 
with gap distance even in unifoim fields 

3 12 Schwaiger factor for weakly noiiiiniform fields 

for a weakly nonuniform field by definition the field across the gap is non 
unifoim Iheiefore 


L 

C 

The value of these Schwaigei factor reduces as the non unifonnity of the 
field increases The breakdown voltage and PD inception voltage both of 
which are equal for a weakly nonunifotm field are given in tei ms of V) 
as follows Ub/d 


E 

Where E = Maximum electiic field intensity in the gap 
cl - Gap distance between the elcctiodes 


Ub =E p d 
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3 1 3 Sthw ugci 1 ictoi lor extiuncly noiiunilotin iields 

In this case since the polcntnl cUsliibution icioss the ^ip is extiemcl) 
nonuniloini theiefore 

L « L 

As a lesult ^ « 1 00 

Foi exlicincly nonumfoim fields Uj and Ui uc not equal 1 he value ofU is 
given by the same relation as for a weakly nonumfoim field 

Ui q d 

Ilowevei the breakdown phenomenon in extiemely nonumfoim fields is a 
vast field of lesearch Inshoit one can say that in this case thebieakdown 
voltage depends upon the type of stable PD pieeeding the breakdown and 
given by 
Ub=E d 

Where E = Avenge potential gradient act oss the I D channel pieecding 
the breakdown which could be stieamei (s ) or leader (1) stable PD 


3 2 Schwaiger factor limits 

The transition from weakly to extremely nonuniforin field is accompanied 
with the onset of stable streamer corona The coi responding value of the 
Schwaiger factor at which this transition occurs is known as the Schwaiger 
factor limit and is denoted by iq With the emerging impoitance of CIS 
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hil^h volt%c U insmission nctwoiks dcioss the woild this eonotpt issumes 
uiclctl impoU incc 

the iccipiocal of ^ is denoted by f which lepiesents the degiee of 
nonunifoimity of an electuc field a concept also intioduced by some 
authois 111 the hteiatuie Schwaiger fuithei intioduced p a geoiiittiicnl 
characteristics foi electiode configuration and established that it is possible 
to represent i] as a function of p 

p = r+d / r ( 1 < p< i”! ) 

And p = f (p) 

Wheie 

{ ~ 1 he ladius of the most ciiived enveloping electiode 

d= Smallest gap distance between the two eiectiodes undei consideiation 


3 3 Development of sti earner discharge 

I he growth of charge cunets m an nvahnchc in iiniloun licld Lq is 
exponential however this hypothesis is valid only as long as the electric 
fields due to the space charges of the electron and ions aie negligible 
compare to the applied electric field Eq This is true so long as the gap 
distance d between electrode is very smill 11 the distance inci eased tlie 
avalanches are able to acquire bigger size developing stronger space charges 
When the electron space charge concentiation exceeds s 10 to 10 the 
electron at the head and the ions at the tail of an avalanche find themselves 
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in 1 suit ol cnhinccd hold Undoi this condilion iho loinzilion piocoods U a 
hi^hu nlc al the iiont niul the tnl of the nvihnche but lowci ntc ^t the 
center At this stage the late of advancement of the avalanche towaids the 
anode inci eases by geneiation of fiesh avalanches because of the increase in 
the field intensity at the uppei legion The fiesh avalanches aie pi odiiced by 
new elections in the vicinity of the piiniaiy avalanche These new elections 
could be produced by photo ionization caused by the piimary avalanche 
The a\alanche thus formed mainl} at the head of the piiniaiy avalanche aie 
known as secondary avalanche This development is known as anode 
directed sti earner Simultmeously at the till of the piimaty wdanchc a 
favoiable condition arises due to the cathode directed stremier 
Obviously it requires a sufficient number of electrons also at tlie cathode 
side of the primary avalanche to develop into cathode directed sU earner 


3 4 Breakdown by streamer discharge 

The streamer breakdown mechanism desciibes the development of spaik 
breakdown directly from a single avalanche I he space chaige developed by 
the avalanche itself due to the lapid growth of chaigc cainets tiansforms it 
into a conducting channel As describe by Raelhei it is the eigen space 
charge which produces the instability of the avalanche I he streamer 
means a ribbon attached at one end and floating or waving at the other 
winch appears to be a set of waves ripples moving foi waid 

The approximate calculations of the conditions required for the same charge 
field of avalanche E to be able to acquire the magnitude of the oider of the 
externally applied field Fq confirmed that the tnnsfonmlion from the 


ivihnclie to sticamci bc^nii to develop iioni the head oi nil eicctton 
avalanche when the numbei of the chaige caiiieis incieased to a ciUical 
value no"e“^ s 10^ 

I 01 an avalanche initiated by single election in a unitoim lield this 
coiiesponds to a value 

ax = ad =ln 10^-20 

X the length of avalanche = Cutical length ol the clectiodc gap d this 
means that the sti earner nicclnnisin is possible only when d > x On the 
basis of experiment results and some simple assumption Raether developed 
the following empirical formula for the sti earner bieakdown ciUeiion 

ax ~ 17 7 + In X = In E / Eo 

Ihe condition for transition fiom avalanche to streamer breakdown assumes 
that as eigen space charge field approaches neatly the applied field (E = 
Eo ) then this equation becomes ax =177 + In x 

Ihe minimum value of ax required loi bicikclown m a uniloun held gup 
by streamer mechanism is obtain on the assumption th U the transition fiom 
avalanche to streamer occurs when an avalanche of critical size just extends 
across the gap d then 

ad = 177 + In x = 20 

Thus the condition x = d gives the smallest value of a to produce sti earner 
breakdown wheie d is given in cm 
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3 5 Bitikdown in uiiifoiin nul wtikl> iioiiuinloini fields SI 6 
iiisiil ition 

lovvnscnds theoiy of development of ^vnlanche was in an basically an 
clccUopositive gas Negative ions like positive ions aie too massive and 
slow to pioduce collision Hence analogues to the ionization coefficient a 
an attachment coefficient p is intioduced is the niiiiibei of attaching 
collisions made by one electron drifting 1 cm in the direction of the field 
Ihc ionization by election collision is then icpicsented by the effective 
ionization coefficient ( a ~ a p ) I ikt a / p cx / p is also a I unction of 
L/P figiiic 3 I shows the cxpciimentally me isuicd values of a for vaiying 
D/I in uniform field From these measuied values the following lelationship 
can be dciived 

a/p - K[ E/p - (Lb/p)i ] (1) 

Where 

K - a constant and equal to 27 kV ^ reptesenting the slope of the hue 
(I i/p)i “ 890 kV / cm MPa lepiescnts the intciseclion of the line with 
abscissa And p - Pressure m MPa at noimal tempenUiie 0 - 20 C 

In order that breakdown takes place a must be gieatei than zeio which in 
turn IS the fulfillment of the condition tint L/l is gieUei than (L^/l )i I he 
magnitude of (Eb/p)i represents the inherent relative strength of the gas 
r leld intensity Ebi given by the i elation 

Eb — (Eb/p) 1 p 890 p kV/cm is known as the intrinsic strength of the gas 
The bicakdown of SFg gas in umfoim fields foi small gap distances is 
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achieved by the ^eneiation of senes of avalanches as described by 
lownsends mechanism Poi highei values of the piessuie and gip spacing 
(pd) stieamei bieakdown mechanism is obseived The bieakdown criterion 
for highci gas pressuie ( oi product of pd ) aie based upon the ciitical 
numbei of the elections n pioduced in the avalanche The ciitical number 
of elections m an avalanche is achieved in the field diiection when it 
acquires a ciitical length x which should be shortei than the gap length d 
In piacticc the gap spacing in weikly nonumfoim lields aic more of 
inteiest for such gap spacing the bieakdown cutenon of the sli earner 
nicchmisin is extended t iking into account tlic lUichment coellicient of 
electronegative gas Beginning with a single election initially the number of 
chaige carriers m an avalanche consideimg election attachment in weakly 
nonuniform field is given by 

n = exp oJ a dx 

and for growth of an avalanche which gives use to initiation of a sti earner 

n = n ==expof a dx 

or of a dx - In n s 20 (2) 

From equation (1) & (2) breakdown voltage for SFg m weakly nonuniform 
field configuration can be estimated theoietically Breakdown under these 
conditions takes place without any stable PD [1] It is tacitly assumed that 
breakdown occurs when the number of electrons n is an electron avalanche 
reaches a critical value n Actual value of n is not known but the criteria 
n = lO^s considered to be valid irrespective of the specific conditions for 
the weakly nonumform field In uniform oi in weakly nonun i form fields x 
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will be synonymous with gip length d Ilowcvci in cxliemely nonuniioim 
fields X IS the dislmicc fiom the eleUiode nlong the field line in question to 
the point beyond which the growth of the avahticlie ceases i e to the point 
which a=0 

Owing to the landom natui e of the initial stages of the avalanche giowth i e 
foi x< X I Wheie x i is the length of critical amplification of avalanche in 
extiemely nonuniform field The value of x i will vary consideiably for a 
senes of single avalanches developing along the same path Consequently 
lor any v due x > x j a maximum value n (x) for n(x) can be obt uned 
foi a minimum value of x i Iherefoie for a finite avalanche length the onset 
of the bieakdown will be associated with the avalanche piocessing the 
largest number of electrons The ciiteiion for the onset of bieakdown can be 
thus expiessed in the following foim x = n(x) the breakdown will occur 
when the integral attains a ceitain value K Thus the streamer cnteiion can 
be written as 

oi a(x)dx=K (3) 

It IS evident tliat this criterion is stiictly empiiical In the literatuie K is 
often given the value 18 this being the natui il logaiilhm oj the value 
generally assumed for x viz 10 

So far It has been tacitly assumed that the electric lield L(x) vanes 
monotonically with x between 0 and x such that the integral of a would 
also be a monotonically varying function of x However m some situation 
E(x) will not vary monotonically within the inteival x i< x < x An example 
of such an axial field is between the two spheres for which the ratio of gap 
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iciij^lh cl to Ihc sphctt dnniclc .1 1) such (lul \ cl winch is i i^plcll 
example of weakly nonunifoim field In such situations the application of 
ihc Stic inici ciilciion is v ilid il lot ill \ dues o( \ in the tnlci\ il \ i'- \ v. \ 

X J a (x) d\ > 0 (4) 

Since this implies that n(x) will nevei be less than n(x i) thus cnsutin^ 
swaim condition i e the giowlh of avalanche dischaige one above the olhei 
llowcvci since the value of x i is unknown ecjuation (4) with tcleience to 
nominal calculations is of little piactical value As a substitute the less 
rigorous condition 

ol a(x)dx>0 (‘i) 

can be used as an indication for the validity oi in) calcul ilions It should 
howevei be noted that lulfillment of (5) docs not uitomatically imply 
swaim conditions |]1| 



figuie 3 1 The loni? lion and attachment coefficient of SFf ns a function c F lefciicd 
licld intensity [IJ 
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3 6 1 ositiv e ! od pi uie electi ode (positive sti t unei coi on i) 

Whtn the avalaiiclie Ins giown to its ciitical size the following equation 
must hold good 

oJ a dx “ In n /iio = 20 

Wheie X is the length of nn avalanche when it acquiies its ciitical 
amplification For the avalanche to develop under this condition the electric 
field intensity must however remain m the lield legion above Ei the 
minimum field intensity reqiined foi impact ionization Ihe fig 3 2 shows 
tint the electrons at the head of the avalanche aie absoibed by the positive 
rod electrode leaving positive space chaige behind which we ikens the field 
When the avalanche acquiies its ciitical stage theie is a stiong 
concentration of positive space chaige till upto the tail of avalanche An 
increase in field intensity towaids the tail of avalanche lesults due to the 
presence of a weak negative space chaige produced at the fiont of the next 
avalanche which is formed by photon emission from the walanche head and 
resultant magnitude of the field intensity increases higher than Ej This 
piocess continues so long as a subsequent avalanche slatted by photo 
ionization falls in the field legion above E| inspite of basic field dccicasing 
below this level Since the positive charge caineis being heaviei pai tides 
do not move themselves much the process is comparable to the movement 
of a wave In fact the numerous avalanche being together the whole process 
IS a continuous development of large number of space chaige tiajectones 
These spread m space charge around the rod electrode in the main field 
direction The negative streamer corona development is similar except that 
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the ducUion of Ihc nviluicliL is opposite 1 lie clLNclopnicul ol slieiinct 
coioin with ac powei fiequency voltage is combiintion of the two 

3 7 Distinguish between bi cikdowii with st iblc and iiist iblt sti e iinti 

A clislinction between bieikclown witli slible incl inst ible sluiiiRi tin be 
mide iiUeiins of the degiee oi iiniloimit) o( the held 1 iking i positive 
sphcie splieie electrode with met easing gip dist inee At small gip distanee 
weakly nonuniform field exists On applying voltage to adueve the tequired 


D/fvcl of an ( h 


Dre i f g Ih of sirs tn 



I igiue 3 2 Schematic of streamer dischaige m fionl of i pc sitivt icd cle liodc with 
variation m field and potential as a consequciRe o( sp icc cK uge [1 j 
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nuxinuiiii licki inlcnsily loi bit il down li Iht inttption ol stttiiiiti 
dischaige ininiedialely leads to an abiupl bieakdovvn in legion A in fig 3 3 
no I D ottLii in this legion On jnci easing the gap distance the field becomes 
molt non unifoim Beyond the legion A a condition is leached when 
sti taint! disthaigt aitti iiitcpting on Iht tittdodt iit not iblt to t\ltnd 
immtdi iltly upto the opposite electiode In contiast to A in the legion B 
st ible sticamei partial disch nges take plact 1 he boidti lint belwttn 



Pego ® Uf d ^ 

ffegon ( 5 ) ^hmax ^ ^2 ^6 ^ ^^'2^ 

Figure 3 3 Threshold curves showing btcakclown with stable slicnmci foi positive 
sphere plane electrode configuiation [1] 

these two regions is descubed as pn In the icgion A p > Pi whtieas in 
legion B 11 < pii The threshold degree of iinifoimity pn is the point 
wheit lilt maxniuim field intensity at the tip ol the lod is sutiicient lor the 
breakdown to take place with stable streaniei dischaige iin ilso lepiesents 
the transition from the weakly nonunifoim and the extremely nonuniform 
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lields Ihe position of the line lepiesenting pi is the ti uisition honi 
weakly to cxlicincly nonunifoim (ickl In legion H Ihe 1 D inceplion voUigt 
U in tcims of the eleetiode geonietiy cm be estimated but not the 
bicakdown voltage The magnitude of the bieakdown voltage in the legion B 
pi 1 manly depends upon the average potential gradient lequired for the 
giowth of stieamei E which is 7kV/cm (peak) foi an on applying ac powei 
fiecjuency voltage [9] 
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C h iptci 4 
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4 1 Introduction 

Sulphur hexafluoride was fust pioduced in 1900 by firench scuitist Moissan 
Lebeau by direct fluonnation of sulphur In the beginning it was main!) used 
as a dielectric in atomic physics Diuing late 1950 it found application in 
high voltage circuit bieakei Ever since its application in powei system has 
been continuously inci easing 

Spark bieakdown in gaseous media repiesents a fugitive phenomenon oflen 
studied with high voltage impulse long enough in duiation to allow its 
formation and development 

SFe IS widely used in electuc powei appaiatus such as gas insulated switch 
gears (GIS ) not only because of its superior dielectiic propeities but also 
its chemically inert and nontoxic characteristics and also good heat transfer 
pioperties 

Since SFg gas insulated power appaiatus like gas insulated switchgear (GIS) 
have been widely used m high voltage substation of elccluc power 
transmission and distribution It is strongly needed to investigate the 
opciational lehabihly of the apparatus lor example insulation delects like 
metallic particles m GIS would be a cause of partial dischaige ( PD ) and 
could lead to dielectric bieakdown Thus tor the stable operation of GIS it 
IS very important to diagnose the insulation condition in seivice and to 
predict the breakdown using PD detection technique Therefore it is crucial 
to clarity the PD mechanism the STe and to develop the breakdown 
prediction teclinique m GIS Under ac voltage application however space 
charges generated by PD show complicated behavioiii and have an influence 
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to I D tlitmselves due to the temponl change ot the inst'intaneous \nlue and 
lj)c pohnty of the nppljcd voltage Thus il is inipoit nit to iiivtsligilc tiic I D 
mcch mism undei ac voltage 

4 2 1 hysicnl propei tics of SFe gns 

In a SFa molecule six fluoune atoms auange themselves unifoimly like an 
octahedron on a central sulphiu atom An excited sulphui atom can 
therefore form six stable co valence bonds with the strongly electionegative 
lluoiinc itoms by shuing the pm ol elections Amongst luloguis the 
fluoune elements and sulphiu atom have veiy high coeriicients of 
electionegativity of the older of 4 and 2 5 respectively This coefficient is a 
measure of the tendency to attract electrons of the other atoms to form dipole 
bondage The rigid symmetiical stiuctiue small binding distance and high 
binding energy between atoms of a STe molecule provide it a high order of 
stability With the result SFg gas properties are near that of raie gases at 
relatively low temperatures Thermal dissociation of highly purified SFg gas 
begins at extremely high tempeiatuies (above lOOOK) Such high 
temperature in powei system occius only in the electucal ucs hven at 
continuous tempcnliue upto about 500K ncithci Ihcimal decomposition ol 
STe nor its chemical reaction with other materials have been reported 
Fuither SFe is a nontoxic colourless and odoiless gas 
The density of gases increase with relative molecular mass As the molecular 
mass of SFe is quite high (146) it has a high density Because of high 
density the charge carriers have a shoit mean free path This properties 
along with the properties of electron attachment i e electronegativity and 
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hi^h lonizilion eiiei^y lesulls in high clieleutiic stiength of Sir Some 
impoitnnt physical piopeities are brought togethei in table 4 1 [1] 

Physical propei ties of SFg 



1 hysical conditions 


Unit 

Value 

Relative 

permitivity 

0 1 MPa 25 C 

e 


1 002 

1 81±0 02 

DielecUic loss 
tangent 

0 1 MPa 

51 C (liquid) 

tan6 

— 

!■ 


— 

0 

C 

45 5 

Tiipple point 

P = 0 22MPa 

01 

c 

50 8 

Sublimation 

point 



c 

63 8 

Specific heat 

capacity 

At 10 C and 

constant P = 0 1 

Cp 

J/mol K 

5 13 


Mpa at 10 C and 

constant volume 

c 

J/mol K 

4 06 

Heat 

conductivity 

30 C 


J/cm sK 


Heat 

transition 

number 



l/cii? 

sK 

0 44x10^ 


Table 4 1 
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Other pi Opel tics of SI 6 {, »s 


D ta for Dielectnc Relaliv 

I =0 1 Ml a strength e 

0 =20 C molec i 
lar 
mass 


Gas Sym Eb ( M 

boi kV/Cm ) 

Sulphur SFe 89 146 

hexafluoride 


Density Me n Ion ntio Nor 

0=20 C free path n leigy tial 

of con 

electiois den 

sail 
on 
tern 
pel a 

ture 

X ( pm ) Wi (eV ) 0 

( c 
) 

0 22 15 9 to 63 

19 3 


p ( kg/m^ 
) 

6 39 


1 ihlc 4 


4 3 Electron attachment properties of SFg gas 

Some atoms or molecules in theie natural gaseous state have an affinily to 
acquire free electron and form a stable negative ion This propertv of 
negative ion formation is known as electron attaclunent or electron affinity 
It has been proved that the atomic or inoleculai gases having electron 
illimty lack one or two elections m Iheie oulci shell ind hence me known ns 
electronegative gases For example the halogens(F Cl Br 1) have one 
electron missing in iheir outer shells whereas O S Se have two elections 
less in their outer shells 

For attachment of an election to a neutnl molecule the election must have a 
certain minimum kinetic energy This enetgy is the order of leV very low 
compared to the energy required for impact ionization For a negative ion to 
remain stable for some time its total energy must be lower than that of a 
neutral molecule m the giound state This diffeience in the energy levels is 
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1 novvn ns election nllinity of the molecule It is iclciscd as n qii mluin of 

kinetic enei gy on attachment 

Iheie aie so many piocess of negative ion foiin Uion 

1 Radiative attachment process 

2 Collision attachment process 

3 Dissociative att ichment piocess 

The attachment piocess in SFg gas is chaiactensed with dissociative 
att ichment It is caused by an electron impact sepaiating the molecule into 
a neutral particle and a negative ion having a similar mass as the neutral gas 
molecule 

4 4 Breakdown in extremely nonuniforin field in SFe gas Avith stable PD 

Lxpeiimental investigations have revealed that in compiessed gas insulated 
nonuniforin electrode ariangements the inception of PD not only depends 
upon electrode geometty but it is also strongly affected by the gas pressure 
From the practical point of view it is therefore important to know the extent 
of applicability of Schwaiger relation foi estimating the PD inception The 
piessure dependent limiting unifotmily factor r\\ for sr6 gas is shown ui fig 
4 1 In the legion 11 >111 no stable PD occur whereas m the region r\ < 
Pi stable PD are observed before the bieakdown As shown in fig 4 2 PD 
measurements were made on a point plane electiode system with increasing 
gap distance in SFe at atmospheric pressure On applying a direct voltage 
lower PD inception levels were measured for negative polarity point 
electrode than for positive polaiity As in the case of atmospheric air m SFe 
gas too a compact glow discharge is observed at the sharp point electrode 
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Fig 11 4 1 I re s u depei d nl hmili g d gice f ui f i luly loi e! I od onf gi atio 
m SF6[1] 
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Figure 4 2 Breakdown with direct voltage on a point plane electrode m SF^ gas with 
increasing gap distance [ 1 ] 

in cxlicmely nonunifoim fields I he nUiiie of the disclnige cuiiuU is the 
same as in the case of air Strongei dischaige cuirent pulse ate measured 
with negative polaiity point electiode than with positive pohiiLy I he field 
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tqu ili/int, tdccl ol the sp itt cii is ilso slionj^ti with nc^ Ui\ t pohiity 
point clcUiode leqinnn^ lii^h voltages foi nccomplishing inception iiui 
bienkdown voltages aie valid for all types of voltages in sr^gas [1] 


4 5 Decomposition of SFfi gas in equipment 

Ihe inci cased application Si 6 in gas insulated switchgeais / substations 
(GIS) compressed gas insulated transmission line ( CGIT ) electrostatic 
accelerators and X ray equipment etc have lead to gt owing concern and 
investigation of the mechanism of SFe decomposition and effects of 
decomposition products on the equipment In the piesence ol coiona ( PD ) 
spaikbreakdown and electiic power arc sr6 decomposes into lower oxt 
fluorides of sulphur These may react with the electiode oi gas impunties or 
olhei solid dielectiics to foim a number of chemically active products 
Although SFe is chemically ineit and nontoxic the decomposition products 
of Sp6 are known to be toxic and couosive The accumulation of 
decomposition products in the equipment has cniscd concern icgarding 
personnel safety and mateiial capability The decomposition ptoducts of sr^ 
aic gieally influenced by gaseous impuiities In industiial giade of SF^ the 
typical impurities are CH^ N 2 02(air) and H 2 O The gaseous impurities are 
generally introduced duung filling and partly due to the decomposition of 
moisture into the dry SFg after filter 

Ihe decomposition of SF^ can be caused by three different fundamental 
process electronic and thermal process are dominant resulting in the 
foimation of stable products Electionic and thermal processes both can 
occur in discharges such as spaik bieakdown and power (heavy cm tent) 
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utb Ihc dutomposUion ol SI 6 due lo ID is mainly undei non 
theimoclyn imic equilibiium conditions wheie the tcmpenluie is hi^^hei than 
the gas lempeiatLire [1] 

4 6 Limitations and greenhouse effect of SFg gas 

SFe IS used in powei electric apparatus due to its supeiioi insulation strength 
However it is known that bieakdown strength in SFg under nonuniform 
electiic field like metallic paiticle condition is extiemely susceptible leading 
lo be lower break down volt ige It has also high hquelied tempeiatuie si 6 
IS also a very potent and persistent green house gas that contiibutes the 
global climate change [7] 

4 61 Green house effect 

EPAs ( United State Enviromnental Piotection Agency ) concern about 
global climate change is looted in science Over the past century the 
average lemperaluie of the pi met has inucisul loughly one degitc 
fahienheit and the eleven warmest yeais on iccoid have all occiiiitd since 
1980 The primary cause of this use in global tempeiatuie is the increase in 
anthropogenic emission of green house gases e g CO 2 CH 4 
perfluorocarbons ( PFCs ) hydrofliiorocarbons ( HFCs ) nitrous oxide 
(N 2 O) & SFe As these gases accumulate m atmospheie they act like a 
blanket warming the planet by trapping heat that otherwise would be 
ladiated from the earth back to space The burning of fossil fuel by power 
plants for energy and fuel used foi transportation is the primary source of 
emission concerns about globil wanning W nmci Icmpcialiuc conk) Icid lo 



33 


incit\sul IiLqucncy ol ckUuul. vvcUhti tvtnls suth \s htni wwts \nd 
ciioLights Changes in piccipitntion and incieascd tvaponlion lioin liigliei 
lempenViues could aflecl quality and quantity of water posing tin eats to 
hydiopowei iiiigation fishenes and drinking watei AgnculUiie and foiest 
ecosystem may get haid hit by shifts in piecipilation patterns and gi owing 
zones Sea level could use placing heavily populated coastal regions in 
Jeopaidy Human health might be haimed and theie may be inciease m the 
late of heat related mortality and in the potential for the spiead of diseases 
such as malaiia yellow fever and encephalitis 
Fniission of SFe occiu by three mechanisms 

1 Leaks due to failure of mechanical seals 

2 Accidental releases due to bieak in the enclosuies 

3 Procedural release such as during gas transfei operations or maintenance 
checks 

If all ST 6 equipment leaked at IV or less annually those emissions would 
still be a cause for concern for two reasons fust SF^ is an extiemely potent 
greenhouse gas with a global warming (GWP) potential of 23900 over a 
lOOycir period SF6 is 23900 tunes mote effective in liappmg infiaied 
ladi ition than an equivalent amount of CO 2 A lelatively small amount of 
SI 6 can have a significant impicl on globil climate cliange Second She is 
very persistent with an atmospheric lifetime of 3200 yeais As the gas 
emitted accumulates in an essentially undegraded state for many centuries 
Therefore a 1/ annual leak rate for a piece of equipment in seivice thirty 
years roughly equivalent in terms of global wainiing potential to the 
instantaneous release of 30/ of the equipment gas However a recent study 
has revealed that the cause of present Global wanning is due to increased 
solar flaie activity on the sun emitting mote heat to eaith 
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Chiplu 5 

ExpcumcnHi set up 

5 1 inti eduction 

Gas insulated powei appaiatus and switch^eais have been widely used in 
eiectiic powet tiansmission and distribution systems However the insulation 
peifoimance of gas deteiiorates undei inhomogeneous eiectiic fields 
which IS often caused by metallic paiticle contamination In such cases PD 
occuis whcie the elcctiic licid is conccntiatcd and finally PD would lead to 
llish ovu Although many PD detection methods have been developed 
most method have not taken into account the PD genet ation and suppression 
mechanisms especially under ac condition This is because the space charge 
behavior is very much complicated undei ac condition and the PD 
chaiacteristics are strongly influenced by space charges From this point of 
view detailed investigation of PD mechanisms under ac condition is 
stiongly needed for insulation diagnosis and reliable prediction of the 
lifetime To generate different partial dischaige sources m the laboiatoiy a 
suitable measuring cncuit has to be used This chaptei explains how partial 
discharge have been measured in the labontoiy The description of the 
eiectiode system prepared and the equipment used for the measurement as 
well as the circuit utilized for recoidmg of paitial dischaige patterns are 
picsented in present chapter 

5 2 Measurement circuit 

Electric pulse detection is the mam taiget in this thesis The following ciicuit 
diagram measured the paitnl chsclniges and shown in (ig 5 I Ihis method 
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4 7 Couchisioii 

Because ol Us chemical stability and high dielectiic stiength ( 90kV/cm/bai) 
and Us excellent aic quenching piopeities the SFg gas has been almost 
univei sally employed in high voltage gas insulated equipment and circuit 
bieakeis A majoi limitation of its relative liquifi cation temperature (-33 C 
U 40 kPa) the appantus insulated with puic SF^ becomes unsuitable foi use 
in cold legions It is ciucial to chiify the PD mechanism in SF^ and to 
develop the 1 D piediction technique in GIS Undei ac voltage ipphcation 
howevei space charges generated by PD complicate the behavior and have 
\n influence on PD themselves due to the tempoial change of the 
instantaneous value and the polarity of the applied voltage Thus it is 
impoilant to investigate the PD mechanism undei ac voltage ipphcation 
Fiom these point of views investigation must be made under ac voltage 
application m SFe 
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Ch iplti 5 

Lxpcmncntal set up 

5 1 Intiodutlion 

Gas insulated powei appaiatus and switch^eais have been widely used m 
elcctiic power tnnsmission and disliibution systems However the insulation 
pcifoiimnce of SFe gas deteiiorates undei inhomogeneous electuc fields 
whicli IS oltui caused by melaUic particle contamination In such cases PD 
occuis whcie the clcctiic field is coucentiatcd and (indly I D would lead to 
n ish ovci Although many PD detection methods have been developed 
most method have not taken into account the PD genet atioii and suppression 
mechanisms especially under ac condition This is because the space charge 
behavior is very much complicated undet ac condition and the PD 
chaiactenstics are strongly influenced by space charges From this point of 
view detailed investigation of PD mechanisms under ac condition is 
stiongly needed for insulation diagnosis and reliable prediction of the 
hletime To generate different partial dischatge sources in the laboiatoiy a 
suitable measuring circuit has to be used This chapter explains how p irtial 
dischaigc have been measured in the laboiatoiy I he description of the 
electrode system prepared and the equipment used for the measurement as 
well as the circuit utilized for recoiding of paitial disclnige patterns are 
presented in present chapter 

5 2 Measurement circuit 

Llectuc pulse detection is the main taiget lu this thesis The following circuit 
diagram measured the paitial dischaigcs and shown in fig 5 1 1 his method 



IS based on the mcasuiement of the ciicuil impulses euised by a diselm^e in 
the test object From this ciicuit dngiam we can see that the test sample is 
giounded dncclly The measiucment set up consists ot high volligt soiiiee 
test sample coupling capacitoi measuring impedance fiUei and amplifier 
digital Stonge oscilloscope ind a peisond eomputei Ihc high (iLqiient) 
putial dischaige pulses aie measuied through coupling capacitoi giounded 
thiough on impedance The measiued pulses ate lust fiUeied and imp h Tied 
and then digitized fiom the analog foim thiough a digital stoiage 
oscilloscope and sent to the peisonal computci the specdication ot each 
component of the measuring ciicuit is given below 
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Figure 5 1 Paitial dischaige detection circuit 

5 21 High voltage supply 

A variable high volligc wis obt lined lioiii n 100 kV 50 kVA ne powei 
fiequency PD free transfoimer The high voltage terminal of the transformer 
wis conncettcl to an 1 100 pi 100 kV PD hoc high voltigc condcnsci with 
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lilt help ol 1 7 5 cm diimtlti "ilummiun pipt I he lut'isuiemeiUs oi pirtnl 
discinr|;,t pulses weie tnken fiom the low voltage end of this toupling 
cap'icitoi Both the test transformei and the coupling capacitor high voltage 
leiniinils me piovided with domes in order to pi event any paitial discharge 
upto then lated voltages These weie veiified as being paitnl discharge free 
up to 95kV The coupling capacitor was connected to the test sample with 
the help of 3 cm diameter flexible conduit pipe which has a bell shape end to 
pi event the Paiti il Dischaige at the eonnecling end 

5 2 2 Mcasiu ing iiiipetl'iiiee 

A RLC piraliel ciicuii was used as the measuiing mipedanee It conlims an 
inductance which is used to suppiess the 50 Hz alternating cuuent and its 
haunonics sueh lint the unbiased signil ol pailial diselnige ean be applied 
to the measuring circuit With the help of a vanable resister in the range of 
150 Q and 12 kQ the nieasiuement sensitivity can be selected for the 
coriesponding test requirement Also it contains a spark gap a charge 
chminatoi and four diodes foi over voltage piotection This impedance was 
also used to f icilitaie pulse obseivation since tire inductance and capacitance 
pioduccd an oscillatoiy response which persists much longer than the 
initiating pulse 

5 2 3 Filter and amplifier 

Since the partial discharge pulses are m general a series of veiy short 
duration pulses having a magnitude of the order of millivolts superimposed 
on powci ficqucncy these have to be nitciul and impliiicd An clccluc 
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lillci IS oitcn \ licquency sclectioii ciicmt th'xl passes a specific baud of 
Aequencics ind blocks oi attenuates signals of ficqueiicies outside this baud 
1 ilteis may be classified in a numbei of ways 
a Analog oi digital 
b Passive or active 
c Audio 01 radio fiequency 

Analog filteis are designed to process analog signals This is natural when 
dealing with signals that is continuos Howevei digital filtei pioccss deals 
with discrete signals Depending upon the type of the elements used in their 
consliuction filteis may be classified as passive oi active Clements used in 
passive filters are resistors capacitors and inductois Active filters on the 
olhci hand employ tiaiisistois oi operational amphfieis in addition to the 
lesislois and capacitors The type of elements used dictates the operating 
licqiicncy lange of the filter For example RC filteis aie commonly used for 
the audio or low frequency operation whereas LC filters are employed at 
radio frequency or high frequency In audio frequency inductors aie often 
not used because they are veiy large costly and may dissipate moie power 
An active filler offers the following advantages ovci the passive one 

(i) G un and frequency uljuslment flexibility Since the opeialional amplifier 
IS capable of pioviding a gam the input signal is not attenuated as in the 
case of passive filteis In addition an active filtei is easier to tune or m 
adjustment 

(n) Reduce loading pioblem Because of the high and low output 
resistances of the operational amplifier the active filters do not cause 
excessive loading to the source 





(ill) Cost elfecliveness Typically active filleis aie moie economical than 
p issive filteis Ihis is because of the availability of variety of chapter 
opciational amphTiei and absence of inductois 

Ihc most commonly used Rite is are low pass filteis high pass filter band 
pass filtei band i eject filter and all passes filter In this study since the 
mcasuied paitial dischaige pulses have to be fillcicd tiom the low iicqucncy 
hai monies and the veiy high frequency interface an analog active wide band 
pass filter was used Simple cascading high pass and low pass sections can 
find a wide band pass filter To obtain a ± 20 dB/decade band pass filter 
first Older high pass and low pass sections aie cascaded Foi a ±40 
dB/decade band pass filter second order high pass and second ordei low 
p iss sections are cascaded In this study first ordei high pass and low pass 
sections have been used For the low pass filter the higher cut off frequency 
wis 400 kllz Wheieas foi the high pass filtei the lower cut off frequency 
was 40 kllz The filter was constructed having the operational amplifier as 
the active elements Selecting a capicitoi C uid then calculating the value of 
icsistancc R with the lelation did the design ol low pass lilter 


I 

R= 

2 7ifiiC 

Where fii is the cut off frequency The schematic diagram of the low pass 
filtei IS shown in figure 5 2 The value of Ri and Rf determine the pass band 
gam as following 
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= I 1 R, /R, 

I 01 the low pqss iiltei ihe cipncitoi C wns selected is 0 1 iiF and the lesistoi 
R IS 0 4 kQ The hi^h piss fillei wis constiticlcd simply b> iiUctch 
the position ol the lesistot R and the capacitor C used in the low pass filtei 
\ he schcnntic di \m o( the hi^h p tss hltci is sliown m S I he \ dues 

ol R ind C Jot low cut oif fieqiiency of 40 kllz weie selected is 4 kQ and 
Ini icspeetivcly 



I iguic 5 2 I ow pass filter with 400 klb cut olT ituiiiciity 



1 igiitc 5 3 High pass hltoi with 40 kl Iz cut oft heqiitnty 
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1 5 4 shows Ihc effect of iisin^ liltci ")!k 1 unplifici oti the mcisuitd pnitnl 

disclm^^e pulses Channel 1 (CII 1) shows the input of the filtci and the 
amphlici while channel 2 (CII 2) shows the output pulses Ihc t fleet ol the 
liltei uid uiipliliei e\n be noticed by eonipiiinj^ (he sedes o( tlie t^\o 
eh ninels (Cl 1 1 w is set U to 0 ^ V /en\ wlule Cl 1 2 w \s ad)usted to V/em) 


KIKUSUI COR 5502U 



figure 5 4 the effect of filtei and amplifiei on the messiiieinents 
(CII 1 The pailial dischaige pulses befoie the filter and amplifier 
(CH2 The paitnl dischaige pulses aftet the filter and amplifier) 


5 2 4 Digital oscilloscope 

Kikusui COR 5502U oscilloscope was used fot digitizing and storing the 1 D 
pulses The oscilloscope has two saving memoiy units each having a 4k 
word capacity J he inaxiinuin sampling rate of the oscilloscope is lOOMS/s 




42 


(lOns) Ihe signals liom both the clnmiels can be digitized wheieas each 
chniincl Ins Us own A/D conveitei The input amlog signal is coin ei ted in 
to digital foim by A/D conveitei and its output is copied into the acquisition 
RAM then the data is transfeired fiom the acquisition RAM to the display 
RAM the oscilloscope displays it on the CRT screen with the help of D/A 
conveilci Aftei displaying ihe wave foim foi about 1 sec the next data 
acquisition cycle stalls The 1F02 COR mleiface which is best on the 
standaid RS 232C link was attached to the oscilloscope RS 232C is used* 
for communication between oscilloscope and peripheial terminals at 
lel Uively slow transmission Alphanuineuc conimuiucation is most 
ficquently done by using 7 bit ASC II code Generally ASC 11 can be 
tiansmitted m eithei paiallel 8 bit group ( 8 separate wires ) oi as a seiial 
sliing of 8 bits one after the other over a single line RS232C was used for 
sciial tiansmission Using full handshaking did cominumcation between the 
computer and oscilloscope Since the oscilloscope was working in the 
triggering mode the computei sends the tuggeimg commands to the 
oscilloscope and then wait for a massage from oscilloscope that the wave 
loim has been captured and digitized and it is leady foi itaiislcr After 
tnnsfeinng the digitized wavefoim to the computer anothei triggering 
command is given to the next waveform In tlie measurement setup these 
wavefoims were the partial dischaige pulses superimposed on the power 
frequency cycle The number of required cycle fot measurement could be 
controlled by the computer Since the partial discharge pulses occur at the 
maximum using or maximum decreasing parts of the applied high voltage 
only and the pattern of the pulses at these parts aie different it is lequired to 
study each pait individually 1 heiefore a RC circuit was used to shift the 
tiiggciing signal by 90 degree to locate the partial discharge pulses aiound 
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KIKUSUI COR 5502U 



Fig 5 5a The partial discharge pulses befoie the phase shifter 


KIKUSUI coR^ oau 



I ig 5 5b "fhe partial discharge pulses after the phase shifter 


Fig 5 5 1 he effect of the phase shifter on the partial dischni ge measurements 
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the pt \k ol Uk lu[ 3 ,^uing suk W'lvc I ig 5 5i S 5b show the position of the 
ipplicd volt'igc befoie and aRei using phase shiltei lespectivcly 

5 2 S 1 tisoin! computet 


Due to the inci easing tiend of automatic paitial dischaige nieasuieniuit in 
the lectnt yeais the use of digital system has become very popular A 
pcisonal compulei offers the oppoitunity to stoie the dischaige pulses and to 
pioccss these in the couise of time oi a function of power fiequency cycle 
In the piesent setup Pentium computet having 24 MB RAM ! 6 GB haid 
disc and 150 MlJz speed was used For the pulses of each cycle transferred 
to personal compulei the maximum value of paitnl dischuge pulses has 
been detected All the pulses which had magnitude of less than lO/o of the 
maximum pulse magnitude in the same half cycle weie ignored Therefore 
generally each pulse has been represented by only its first and second peaks 
depending upon the relative magnitude of the first peak and subsequent 
peaks have represented each pulse 

526 UnPlottu 

Ihc MP5300 IS a high performance high precision pen plottei that can 
perlorm vauous intelligent functions It is piovided with a digital servo 
system and a 16 bit CPU achieving a maximum plotting speed of 700 
min/second at a mechanical resolution of 0 005 mm For this pen plotter the 
plotting speed and pen force most suitable foi the type of pen being used 
can be easily selected from the control panel The interface mode is 
automatically selected when the ploUei is connected to a computei or digital 
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oscilloscope loi the lespective inteifice connector When the MP5300 is set 
to into RS 232C mode inci given clnta foi plotting fiom the digitnl 
oscilloscope the RS 23 2C settings aie nutonintically selected hence no 
bolhei some settings iie lequued This plottei is piovidcd with two types of 
Intel iaccs foi connecting the plottei to a computet oi to a digital 
oscilloscope the centionics compatible paiallel interface and the RS232C 
sen il inteifice 

5 2 7 I El 2 

I he calibntmg gcnentoi PCI 2 was used foi (he deteimination of tiansient 
icsponsc ind measuung sensitivity of the paitial dischaige meisuiing 
cucuit Ihc ciicuit IS given consideration by a collection factor that can be 
determined by the supply of defined chaige of the calibrating generator into 
the test circuit 

Ihe supply of the natural current from the calibrating geneiator enables 
operation of the unit without potential for instance in case of noneartlied 
test objects Owing to the small dimensions and supply of natural current 
the cahbiating generator PET 2 is of a very low eaith cnpacilance such that 
the test circuit properties ate not being inlluenced during calibiation The 
unit has been designed for an easy to use construction The photodiode for 
the gcneiation of the synchronizing pulses are arranged in PE 1 2 Its standard 
pulse charges output for calibration aie 5pC 25pC 50pC 250pC and pulse 
repetition frequency is 100 Hz and pulse use time is 50 ns 
With the help of PEf 2 we have checked our partial discharge detection 
ciiciul sensitivity ioi the calibration we have aiianged our circuit as 
desciibed eaihei Fig 5 6 shows the circuit which was used foi the 
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scnsitivily c-.hb.nl.on In this c.rcu.t we have done ce.tam chmge The 
LOiiplint, cipiuloi in this ciicuil is being eailhen and PL I 2 is connected 
pii illcl to the test simple iml mcisuimg imped inee is also eitlhen Ihe 
miin eiitei.on in this ci.cu.t is that theie is no supply voltage ,s lequ.red 
Allei eompleting the ciiciiit when the PI T 2 is switched on it st ills giving 
the pulse ind deteeted thiougli digital oscilloseope Oui eiiciiit detects 
minimum pulse cliaige of 5 pC with the same oscilloscope settings (5 V/cm 
and 0 2 ms/cm ) which was used for the detection of PD pulse This means 
that oui PD detection circuit is able to detect minimum pulse chaige of 5 pC 



Earth 

Figure 5 6 Circuit diagram for measuring sensitivity check with PET 2 


5 3 Electrode system 

A Suitable electrode system which could product slreamei discharge i e 
avalanche of above critical amplification was needed for investigation of 
PD Hence for the experiments rod plane electiode system were chosen as 
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ihtsb toukl piodutt UiL desired sUenmei coioni Ihe dimensions of 
t^lcoliodo system loi mvesii^ation in stniosphcne sii mid SFc gns weie 
chosen to be the smne Foi the expeuments in mi a stand of insulating 
matetnl was used which could hold the electiode system The high voltage 
was applied to the lod electrode and the plane electiode was eaithed Before 
staiting the experiment the electiodes weie cleaned by Biasso The 
dimensions of the electiodes aie given m the following section 

53 1 Glowcoiona 

A point pi me clcctiodc system with a gap distance of 10 tin m ilmosphtiic 
ur was used to produced the glow corona The point electrode support was 8 
cm long made out of 10mm diameter rod The tip was 12 cm long cone 
shape witli an angle of around 7 The plane electrode having 75mm 
diametei was given a suitable contour at the brans Paitial discharge 
inception voltage in this case was around 8 kV 

53 2 Streamer corona 

This was produced on rod plane electrode system with increasing gap 
distance from 1 to 20 cm m atmospheric air Ihe lod electiode chosen had 
diameters of 8 and 6 mm and lengths of I04mm Ihe tips were given 
hemispherical shape with radiuses of 7 and 5mm respectively The plane 
electrode used was of 75mm diameter suitably shaped at the brim The 
partial discharge inception voltages were measured between 10 to35 kV rms 
for 6mm rod plane electrode system and 11 to 47 kV rms for 8inm rod 
plane electrode systems for gap distances between 1 to 20 cm 
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5 3 ^ SI 6 y iss vessel 

I 01 the nieisiueinuit of PDIV in SF^ gas two glass vessels weie fabiicated 
llioii Ic/iigths weie 235nun and dnnieler lOOniin For high voltage electrode 

6 and 8mni polished lod and for giound electiode plane of 70niin diameter 
having 6iiived bum wcie chosen Both the HV and the giound electrodes 
wcie fixed inside the vessel altei sealing the vessel with help of quick fix At 
one end of the glass tube plane electrode was fixed Other end of the glass 
tube wis fitted with a hallow metal electiode Ihe lod electiode was placed 
msidc the hallow mctil tube with a high picssiut O ring sealing metal 
w ishei md a nut 1 he O ung was piovided in older to vary the gap distance 
and a wtshci helped to iix the 0 ring with the electrode Figuie 5 7a shows 
the vainble gap distance iirangement Near the high voltage electrode 
uiolhu hallow metal tube was placed A piessiue gauge and a piessure 
valve wcie attached with this tube by brazing The total attachment was 
iixcd with the glass tube Figiue 5 7b shows the vanable pressuie 
urangement and figure 5 8 shows the oveiall airangement of the system 
Befoie fixing the electrode system withm the glass vessel the electrodes 
were cle med with Bnsso After fixing the variable electrode system and the 
vauablo pressure auangement the total vessel was attached with the vacuum 
pump for creating vacuum When the vacuum reached to about 10^ Torr 
then the S¥e gas filling was started with precaution Initially the gas was 
filled upto a pressure of 0 2 MPa with the help of regulator The legulator 
had two gauges one of them measured cylinder pressure and the other 
measured vessel pressure An extra gauge which was placed before the 
pressure valve showed also the vessel pressure With the help of pressure 
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\ live vunblc picssiue filling could be xhieved by slowly lelcasing the 

5 4 C oiitliisioii 

In this clnplci the pniti d chsclnige meisiuing circuit as well as the dilfeient 
elecUode system used to geneiaie the partial dischaige have been described 
Ihese PD souices produced glowcoiona stienmei coroin Ihe point plane 
clcoUodc system pioduced glow corom and lod plane electiode system 
piociuoul siicainci coioin 
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ClnplLi 6 

rxpuinicnt \[ Investigation and test results 

In Ihib thaplei the laboiatoiy investigations pei formed and the test results 
obtained ate discussed 

6 1 Inspection of the measuring circuit for I D 

In Older to ensuie that the measuring ciicuit is fiee of PD up to the highest 
voltage of invt.stigation in these expeiiments the ciicuit shown in fig 5 I 
w IS ehcd td without the lest sample and I I 1 ^ I hgli \ olt ige w is ipplied to 
deteimine if any partial discharge in the measuring ciicuit occuiied In this 
case taking the gap distance between the electrode on which the test object 
electrode was fixed and earth to be more than 15cm the measuung circuit 
was checked increasing the supply voltage upto 65 kV for the occurrence of 
any PD It was observed that no partial discharge occurred Hence it could 
be concluded that the measuring cnemt and the powei supply used for the 
meisuiement of partial dischaige was PD Iree upto 65 kV Ihis was 
necessary to ensuie that the measured PD occutied only at the desired lest 

object 

6 2 1 Measurement of FD inception level in air with needle plane 
electrode 


Ihe meisuiements were performed with a cone shaped bnss needle 
(.Iccttode of length 10cm having a dnmeter of the tip to be litim and the 
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coiic m^lc o( 7 An inveited bowl slnped pHnc electiode of diametei 
70mm wis chosen Mamtiiumg ^ g^p distance between the needle 'md plane 
cleeUodcs to be 10cm and using the circuit given m figure 5 1 the PD 
mcasuicnient weie made with increasing vollige At about 8 kV the first 
pailnl dischaige pulses weie observed by the oscilloscope Figiue 6 I shows 
the 1 D pulses measuicd on needle plane eleeliode eonliguiation cliawn by 
the plotter MP5300 after intei facing with oscilloscope 

62 2 Mcasuieiuciit of ID mception level m air with Snini lotl plane 
elect) ode 

I his cxpciiment was conducted with tod and plane electiode system The 
dimension of the plane electrode was same as before The diameter of the 
lod was 8mui Us length was 104mm and the tip was hemispherical having a 
radius of 7inm Using the same circuit with this electrode system the first 
partial discharge pulses were observed at 27 5 kV for a 10 cm gap distance 
1 igure 6 1 shows the partial discharge inception pulses detected on the 
oscilloscope and plotted by the plotter 

6 2 3 Measiiruiitiit of PD mecptioii level in an with 6mni rod plane 
electrode 

With tine same circuit and same plane electiode this experiment was 
conducted but the dimensions of the rod electrode were different The 
dnmeter of the rod electrode was 6nim length 120mm and the tip was 
hemispherical shaped with a radius of 5mm The first pailnl discharge 
inception pulses in this enst i onid lu mi i ui d U ^ ! \ { if^uii ( I liows 
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Figuie 6 1 Partial Discharge pulse detected through oscilloscope 
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the p^ilni disdmge pulses measured on 6mm lod plane electrode 
coniigii; Uion 

6 3 Lxpeiinieuts with inci easing gap distance in air for audible 
incnsui able PDIV and BDV 

With the same circuit described before these experiments weie performed 
with two electiode systems 6 and 8mm lod and plane electiodes For these 
experiments weie performed at gap distance between land '^0 cm The 
mci easing gap distance set were 123457 10 11 12 13 15 18 and 
20cm 1 list the bicikdown voltages nnd audible I D inception voltages with 
met easing gap distance were measured The audible PD inception was heard 
with inked enis by the obseivei at a distance of about 3m (behind the hb 
fence) Both these readings were taken one after the other shown in Table 
6 I Figuie 6 2 and 6 3 show the cutves between Audible PD inception and 
bieakdown voltages with increasing gap distance for 6 and 8mm rod plane 
electrode systems respectively It can be obseived that the bieakdown and 
PD inception voltages have a very negligible difference initially for the gap 
distances of 1 Sc 2oms which has an increasing trend with increasing gap 
distances Above 12 cm gap distance the breakdown voltage increases to 
double the magnitude of PD inception voltage and continues to show a rising 
characteustics Audible PDIV shows n flat characteristics with inci easing 
gap distance From these characteiistics an idea about magnitudes of PD 
inception and breakdown voltages is obtained It can be observed that the 
voltage differences which are negligible initially are quite small for small 
gap distances but above a gap distance of 12cm it is almost double and at 

20cm It becomes even 2 5 times 
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1 ii^uic 6 4 shows the measurable PD inception and bieakdown voltages 
tlnnUuislics with mcieising gip cIislaiicL Iht mtisiiiul I DIV was 
detected with the help of PD measuung ciicuil on the digital oscilloscope 
The cinves on this tiguie show that the measuied PDIV has a flat 
chaiactenstic foi both the electrode systems and the 6nim rod has a lower 
PDIV than foi the 8mm rod Bieakdown voltige chancteiistic has an 
mci easing tiend and in this case also lower breakdown voltages are 
measuied in case of 6mm lod thin foi 8mm lod Ihis means the sharpei is 
the electiode lower is the Schwaiger factoi (t^) and hence lower is the 
bieakdown strength ol the gas PDIV voltages aie always lowei than that of 
bieakdown voltages and diffetence between them met eases tremendously 
beyond the gap distance of 12cm These cuiwes piovide an idea about the 
voltage level difference of the two phenomena i e the PDIV (U ) and 
bieakdown (Ub) foi the electiode systems used in our experimental 
investigations 

I igiue 6 5 shows the characteristics curves between audible PD and 
measurable PD inception voltages with mcteasing gap distances for 6 and 
8mnx rod plane electrode systems bi ought together Fioni these cuives it can 
be observed that PD inception voltage for 6mm rod is lower tlnn that for 
8mm rod in the both the cases and also that measured PDi voltage is lower 
than the audible PDIV m both the cases Once again it reveals that the PDIV 
depends upon the sharpness of the electrode hence upon the Schwaiger 
factor The measured PDIV characteristics for longer gap distance is flatter 
The measured PDIV with measuring circuit was detected by the digital 
oscilloscope and tlie audible PD was heaid by ears thioiigh the flutter sound 
pioduccd by the corona activity The sensitivity of the measuung circuit 
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clescubccl in section 5 2 7 W'ls 5pC whereas the sensitivity of the audible 
coiona was the obseiveis eats 


Gap distance 

In cm 

Bieakdown voltage 

Ub in kV (peak) 

ims xV2 

Partial discharge 

inception voltage PPIV 
(audible) U m kV (peak) 

rms xa/2 

1 cm 

16 72 

15 56 

2 cm 

22 62 

21 n 

3 cm 

28 28 

24 04 

4 cm 

35 35 

28 28 

5 cm 

4101 

31 11 

7 cm 

46 66 

33 94 

10 cm 

60 01 

39 59 

11 cm 

66 46 

41 01 

12 cm 

73 53 

43 84 

13 cm 

86 1 

45 25 

1 5 cm 

98 98 

46 66 

18 cm 

113 12 

48 06 

20 cm 

13010 

49 49 


Table 6 1 Audible PDIV and BDV with variable gap distance foi 6min 
rod plane electrode system, in air 
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Gnp distance m cm 

Breakdown 

voltage Ub in kV 
(peak) inisxV2 

Paitial dischaige inception 

voltage PDIV (audible)U in 
kV (peak) imsxV2 

1 

19 74 

16 26 

2 

25 45 

22 62 

3 

32 52 

26 87 

4 

38 18 

32 52 

5 

43 84 

38 18 

7 

53 74 

42 42 

10 

63 63 

50 91 

11 

69 29 

55 15 

12 

77 78 

56 59 

13 

96 16 

59 59 

15 

113 13 

62 22 

18 

120 20 

63 63 

20 

132 93 

66 46 


Table 6 2 Audible PDIV and BDV with variable gap distance for 8 rain 
lod phiie electrode system in air 
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Gap 

distance in 

cm 

Audible 

PDIV foi 

8mm lod 

kV (peak) 

imsxV2 

Audible 

PDIV foi 

6mm rod 

kV (peak) 

unsxV2 

r Measuied 

PDIV foi 

8mni lod 

kV (peak) 

imsxV2 

— 

Measuied 

PDIV foi 6mm 

lod kV (peak) 

imsxV2 

1 

16 26 

1551 

14 1 

12 26 

2 

22 62 

2121 

18 38 

16 97 

3 

26 87 

24 04 

21 21 

19 79 

4 

32 52 

28 28 

26 86 

25 45 

5 

38 18 

32 52 

31 11 

28 28 

10 

50 91 

4101 

38 89 

35 35 

12 

56 59 

43 94 

39 59 

36 76 

15 

62 22 

46 66 

40 3 

38 89 

20 



66 46 

49 49 

4171 

40 3 


Table 6 4 Measuied PDIV and Audible PDIV with inci easing gap 
distance foi 8 and ditiin rod plane electrode system in air 
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I ifeiiit 6 2 Audible 1 DIV and BDV cliaiacterisdcs will) nicitasmg gap dist mcc m au foi 
6mni rod plane electrode system 




1 igutc 6 3 Audible PDIV and BDV clnnclei 
Sinin lod plane electrode system 




) ^ . I I 1 , p 

Q 5 10 15 20 

Gap distance (cm) 


r iguie 6 4 Measured PDIV and BDV chancteiistics with mcreisiiig gap distance in air 
lot 6 & 8uiin lod plane electiode system 
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6 4 Lxpti inicnt m SF^ C *18 

Usm^ the s'^mc ciiuut as shown m tig 5 1 the I DIV ineasiiieinents were 
pciioimcd lu SI 6 The elecUode system chosen was 6mm lod plane 
consideiing its property of lower PDIV Foi these experiments the gap 
distances of 1 2 3 iipto 15cm could be set with help of a vatiable gap 
distance setting arrangement Experiments could also be peifoimed at 
diKcicnt picssiires with help of a variable picssute anangcmcnt in the 
vessel only paitial dischaige inception voltages weie measiued m Sf^ gas 
llie bieakdown voltages weie not measiued in ordei to pi event 
decomposition of gas affecting the PDIV The pressures at which PDIV 
measiued at dilfeient gap distance settings were 3 2 5 2 0 1 5 and 1 Oatm 
liguie 6 6 shows the characteristics curve between partial discharge 
inception voltage vs gap distance at different constant gas pressures All the 
curves show almost a flat characteustics above a gap distance of around 
6cm It can be obseived that as the gas pressure is increased the PDIV also 
increase It can be concluded that PDIV is a function of gas piessure PDIV 
mcieases with mcieasing gap distances initially for relatively shorter gap 
distances and then no significant increase is measured for gap distances 
ibovc 6cm upto a gas pressure of 2 atm Above this pressuie the flat 
characteristics of the curve is measured above slightly longer gap distance 
When piessure was high i e 3 atm pressure it was observed beyond 9cm 
gap distance and when the piessure was low it was observed above 6cm gap 
distance at 1 atm pressure It can also be observed that upto a gas pressure of 
2 5 aim the readings of all PDIV are not much different however at 3 atm 
pressure the diffeience measured is significant At the gap distance of 1 5cm 
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PDIV mcasuiccl was 29 kV (ims) at latni piessiue but at the same gap 
distance 43 kV (ims) was measured at 3 atm piessure 
1 ig 6 7 shows the relation between PDIV and gas pressure at constant gap 
distances Three diffeicnt gap distances of 1 5 and lOcin have been chosen 
for plotting these characteristics Curve 1 is the characteristics of I cm gap 
curve 2 and curve 3 for 5 and 10 cm gap distances respectively Above 10 cm 
gap distance no significant difference iii PDIV aie measured on increasing 
the gap distance at all the piessures Ilowevei the PDIV mci cases with the 
met easing pressure 

6 5 Comparisou between the measurements rii SFg and air 

Comparing the measured results of PDIV in atmospheuc an and SFs 
following can be observed 

1 At 1 atm pressuic PDIV aie measured to be at higher voltages in SPe 
than in air for the same 6mm rod plane electrode system 

2 The difference in PDIV has been measured to be very high for small gap 
distances upto the order of 5 cm which reduces considerably on 
mcreasuig the gap distance further At and around 15 cm gap distance the 
diflerence has been measured to be marginal as seen fiom the fig 6 8 

3 When the pressure increases then the partial discharge inception voltages 
also increases At 1 aim piessure PDIV in air lor 6mm rod plane 
electrode system at the gap distance of 10 cm was measured to be 25 kV 
rms but for the same gap distance and same electrode system in SFe gas it 
was 29 kV rms which increased to 43 kV rms at 3 atm pressuie 
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r 

Gap 

PDIV kV 

PDIV kV 

> 

1 — 1 

o 

PDIV kV 

PDIV kV 

dislinoe 

(peak) 

(peak) 

(peak) 

(peak) 

(Peak) 

In cm 

imsxV2 at 

imsxV2 at 

iinsxV2 at 

rmsx>/2 

imsxV2 



2 5 Atm 

2 0 Atm 

at 1 5 Atm 

atl 0 Atm 


piessuie 

piessiue 

pressuie 

piessuie 

piessuie 

1 

41 01 


3525 

33 94 

32 52 

2 

47 37 


38 18 

36 76 

35 35 

3 

49 49 


39 59 

38 18 

36 76 

immu 

52 35 

42 42 

41 01 

39 59 

38 18 

5 

53 74 

43 84 

— 

42 42 

4101 

39 59 

6 

55 15 

45 25 

43 84 

42 42 

40 30 

'7 

56 56 

46 66 

44 54 

43 13 

41 01 

8 


48 08 

45 25 

43 13 

41 01 

9 


49 49 

45 96 

43 13 

41 01 

10 

60 81 

49 49 

45 96 

43 13 

4101 

11 

60 81 

49 49 

45 96 

43 13 

41 01 

12 

60 81 

49 49 

45 96 

43 13 

4101 

13 

60 81 

49 49 

45 96 

43 13 

4101 

14 

60 81 

49 49 

45 96 

43 13 

41 01 

15 

60 81 

4949 

45 96 

43 13 

4101 

. 


Table 6 5 Partial Discharge inception Voltage and variable gas pressme 
with increasing gap distance m SFe gas 
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Gas piessuie 

(Atmospheuc) 

PDIV kV (peak) 

imsxV2 atl 0 cm 

gap distance 

PDIV kV (peak) 

rmsx’\/2 at 5 0 cm 

gap distance 

PDIV kV (peak) 

imsxV2 atlO 0 

cm gap distance 

1 0 

32 52 

39 49 

41 01 

1 5 

33 94 

4101 

43 13 

20 

35 35 

42 42 

45 96 

25 

36 76 

43 84 

49 49 

3 0 

4101 

53 74 



Tible 6 6 Piitnl discharge inception voltage and gap distance with 
inci easing gas piessuie in SFsgas 


Gap Distance in 

cm 

PDIV for SFa gas in kv 
(peak) rnisxV2 at atm 

Pies Slue 

PDIV foi au m kV 
(peak) rmsxV2 at atm 

pressiue 

1 

32 52 

12 26 

2 

35 35 

16 97 

3 

36 76 

19 79 

4 

38 18 

25 45 

5 

39 59 

28 28 

10 

40 01 

35 35 

12 

40 01 

36 76 

15 

40 01 

38 89 

-L in Pit* Ptlfi 2 


Table 6 7 Me isured PDIY~ with increas^ gap dist^ m air and SFg gas 
foi 6mm lod plane electrode system at 1 atm pressure 
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I ig 6 6 Measured PDIV Chainclciisdcs with incieasing clislnncc at constant 
pjcssuie in SJ c for 6mm lod plane electrode 
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11^67 Meisined i DIV ch mdeiistics wUli inucising gas piessiir nt 
u ushnl g^p distance in SF^ gas foi 6m in lod plan elecliode 


AC PDlVin ky[P^c:<) 
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Fig 6 8 PDIV clnncteristics with increasing gap distance in air and SF^ gas for 6min 
lod plane clcoUode system at almospheticpiessvue 
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( h \piu 1 

Concluslions ^nd Scope of Future Woi k 


7 1 Results And Conclusions 

Paitnl Disch irge is an elecUic dischaige that does not bridge the insulation 
It gives use to electric pulse current of magnitudes depending upon the 
applied voltage and the pulse position with respect to voltage waveform It 
has been recognized that the breakdown of insulation of electrical equipment 
often occuried by the occurrence of paitial discharge within or on the 
surface of the insulation Theiefore if the paitial discharge is found to take 
place in any insulation system it is important to identify its souice In other 
woids iheie is a necessity to identify and classify the unknown partial 
dischaige source In this work paitial discharge inception voltages are 
mcasuied m air and SFg gas The experiments have been conducted with 8 
and 6mm rod as high voltage and plane elecUode as ground at vaiying gap 
distance The measurements ui au were also conducted with needle plane 
electrode system at almospheiic picssuie In SI 6 gis the expuimeiits weie 
performed only with 6 mm rod plane electiode system at diffeient pressures 
iiplo 3 aim Pressure With the rod plane electrode system since the fall of 
electric field intensity at the tip of rod is not so steep it can be assumed that 
the PD takes place with above cutical amplification of avalanche which 
gives rise to streamer corona On the contiary at the needle tip PD takes 
place with bellow critical amplification of avalanche 
In case of expenments conducted in air following conclusions can be drawn 

fiom the measured lesults 
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1 With the needle plane electiode system PDIV observed were at lowei 
voltage than that for lod plane electiode system because of its shaipness 
At any shaip edge electiode paitial discharge incept at lowei voltages 

2 As the bieakdown voltages measuied aie gieatei than the PDIV it can be 
concluded that stable paitial dischaiges piecede the bieakdown 

3 Bieakdown voltages have a using chaiacteiistics whereas paitial 
dischaige characteiistics above a gap distance are flat with respect to 
inci easing gsp distances 

4 In case of lod plane electrode when the rod diameter is increased i e the 
tip aiea incieascs oi the field becomes less nonunifoim PDIV also 
mcieases It can be concluded that PDIV is a function of the degiee of 
imifoimity (p) the Schwaigei factor 

5 The magnitude of the audible PDIV which was detected through fluttei 
sound heaid by the human eais is higher than the measured PDIV This 
concludes that any coiona that we hear with eai is an advance stage of 
coiona 01 paitial discharge 

roi the expel iments conducted m SFe gas the following conclusions can be 

diawn 

1 Pm Ual d ischmge inception voltage is higher in SFe gas than that for air at 
normal atmospheiio pressure for the same electrode configuration and 
gap distance This diffeience in PDIV has been measured to be very high 
foi small gap distances For 6min diameter lod plane electrode the 
diffeience in PDIV at 1cm gap is measured to be more than 2 5 times 
(12 26 & 32 52 kV) and for 5cm gap it reduces to 1 4 times At and 
mound 15 cm gap distance the difference has been measured to be 
marginal of the order of only one kV It can be concluded here that when 
the field IS more uniform (small gap distance) the difference m PDW 
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between nil nnd SFe is laige whereas it is maiginal when the field 
becomes moie noniinifoim (long gap distance) 

2 As the piessiue is inci eased the magnitude of PDIV in SFg gas also 
inci eases howevei upto the piessure of 2 5 atm this increase is not too 
significant It can be concluded that the PDIV at rod electiode is a 
function of the gas piessuie m the gap 

3 At 3 atm and highei pressuie the PDIV inci eases significantly highei 
than at 2 5 atm piessuie 

4 Like in an in SF6 gas also the PDIV characteristics were flat above a 
ccitam gap distance at all the piessiues of the measuiement 

7 2 Scope of future works 

The piesent woik in Sfe gas is only foi vaiiable gap distance and variable 
piessuie foi 6 mm electiode only It can be repeated with vauabie diametei 
of lod electiodes and also foi needle plane electiode system This woik is 
also valid only foi non uniform field It can also be done in uniform and 
weakly non uniloim fields by changing the electrode systems 

2 In the piesent woik it has possible to cariy out investigations upto 3 0 
almospheuc piessuie in SF^ gis due to constraints of time and glass vessel 
It should be piefeired at more than 3 0 atm piefeiably upto 5 atm piessuie in 
SFe gas m anothei suitable experimental vessel 

3 In present work investigations have been performed with alternating 
power frequency voltage It would be worth continuing similar 
investigations with lightning and switching impulse voltages of different 
wave shapes However this will require more elaborate development of the 

experimental vessel 
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between nil nnd STq is hige wheieas it is miiginal when the field 
becomes moic noniuiifoim (long gap distance) 

2 As the piessiue is inci eased the magnitude of PDIV in Sfe gas also 
mci cases howevei upto the piessuie of 2 5 atm this inciease is not too 
significant It con be concluded that the PDIV at rod electiode is a 
function of the gas piessiue in the gap 

3 At 3 atm and highei piessiue the PDIV inci eases significantly highei 
than at 2 5 atm pi essiue 

4 Like m an in Sfe gas also the PDIV chat acteii sties weie flat above a 
001 tain gap distance at all the piessiues of the measuiement 

7 2 Scope of future works 

The piesent woik in Sf^ gas is only foi van able gap distance and vaiiable 
piessiue foi 6 mm electiode only It can be lepeated with vaiiable diametei 
of lod elecliodes and also foi needle plane electrode system This woik is 
also valid only foi non unifoini field It can also be done m uniform and 
weakly non unifoim fields by changing the electiode systems 

2 In the piosent woik it has possible to cairy out investigations upto 3 0 
almospheuc piessiue m SFe gns due to constnmts of tune and glass vessel 
It should be picfeiied at more than 3 0 atm piefeiably upto 5 atm piessme in 
SI 6 gis m another suitable experimental vessel 

3 In piesent woik investigations have been performed with alternating 
powei fiequency voltage It would be worth conUnumg siinilai 
investigations with lightning and switchmg impulse voltages of different 
wave shapes Howevei this will require more elaborate development of the 

expeiimental vessel 
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